Abstract
If a reduction of ERR␣ expression or activity would lead to a compromised OXPHOS capacity, then, ERR␣ knock out mice
would be expected to develop impaired glucose tolerance or even insulin resistance. Paradoxically, ERR␣ knock out mice are lean and resistant to high-fat-diet-induced obesity [11] . The size of adipocyte in ERR␣ knock out mice is smaller compared to wildtype mice and these adipocytes show reduced lipogenesis [11] . Since these ERR␣ knock out mice delete ERR␣ in all tissues including other insulin-sensitive tissues like liver and muscle in addition to adipose, the phenotypes seen in adipose tissue may be subjected to modification by an altered glucose homeostasis initiated in other tissues. We therefore use a specific inverse agonist of ERR␣ XCT-790 [10] to investigate the role of ERR␣ in vitro in murine 3T3-L1, a well-established adipocyte model.
In the present study, we demonstrate that suppressing the activity of ERR␣ through its inverse agonist XCT-790 has a direct and immediate effect on energy homeostasis in 3T3-L1 adipocytes. We show that XCT-790 suppresses the expression of ERR␣ target genes including ERR␣, PGC1␤ and PDK2. Surprisingly the expression of PDK4 is induced by XCT-790 while the expression of PGC-1␣ remains unchanged. The reduction of PGC1 ␤ expression leads to a reduction of mitochondrial biogenesis. In addition, the co-activating function for PPAR␥ is also reduced leading to reduced expressions of PPAR␥ target genes like PPAR␥, fatty acid binding protein 4 (FABP4/aP2) and liver X receptor ␣ (LXR␣). Consequently, the expression levels of LXR␣ target gene sterol regulatory element binding protein-1c (SREBP-1c) and its lipogenic target gene fatty acid synthase (FAS) are lowered, resulting in a reduced level of adipogenesis and cellular triglyceride (TG) amount.
On 
ATP production

Glucose uptake
Glucose uptake assays were performed in adipocytes as previously described [13] . Briefly, differentiated cells were plated to 24-well 
Glycolytic rate
Glycolytic rate was measured according to previous report [14] . [15] .
Results
Suppressing ERR␣ activity in adipocytes down-regulates PGC-1␤ expression
While ERR␣ is well-established to be expressed and play an important role in both skeletal [10] and cardiac muscles [16, 17] (Fig. 1G) . Since some of the functions of PGC-1 co-activators are overlapping [21] , the Fig. 2A) .
Fig. 1 Effects of XCT-790 on the expressions of ERR␣, PGC-1␣ and PGC-1␤. The expression levels of ERR␣, PGC-1␣ and PGC-1␤ during the differentiation of 3T3-L1 were analyzed by RT-PCR. Total RNA of differentiating 3T3-L1 cells was extracted at day 0, 2, 4 and 8. The expression levels of genes were normalized with GAPDH level. The relative expression levels of genes at day 0 are set as 1 (A, B and C). Differentiated 3T3-L1 adipocytes were treated with XCT-790 of different concentrations for 48 hrs. mRNA levels of ERR␣ (D), PGC-1␣ (G) and PGC-1␤ (F) were determined by RT-PCR. The relative expression levels of genes treated with DMSO control (0 M XCT-790) are set as 1. Values are shown as mean Ϯ S.D. of three independent experiments. Protein levels of ERR␣ were determined by Western blot analysis. Total protein was extracted from treated cells and ERR␣ antibody was used for the analysis with ␤-actin as an internal control. The results are representative of three independent experiments (E). increase in PGC-1␣ expression may be derived from a compensatory response due to the reduction of PGC-1␤ expression.
XCT-790 reduces lipogenesis in 3T3-L1 adipocytes through down-regulating PGC-1␤
In addition to regulating mitochondrial biogenesis, PGC-1 coactivators also function to enhance the transcriptional activities of a number of nuclear hormone receptors [22] , including peroxisome proliferators-activated receptor ␥ (PPAR␥), a key regulator of adipocyte differentiation and lipogenesis [23] (Fig. 2D) . In addition, the sizes of oil droplets were smaller in XCT-790-treated cells revealed by OilRed-O staining (Fig. 2E) . Therefore, down-regulating ERR␣ activity in adipocyte may directly result in reduced adipocyte differentiation and lipogenesis, mirroring the lean phenotype and reduced adipocyte size seen in ERR␣ knock out mice [11] . (Fig. 3A) .
XCT-790 alters mitochondrial functions
Not only does ERR␣ regulate mitochondrial biogenesis with PGC-1 co-activators, ERR␣ also regulates the rate of glucose and fatty acid utilization through controlling the expressions of PDK2 and PDK4 [9]. PDK2 and PDK4 phosphorylate PDC and negatively regulate the activity of PDC, which is responsible for the conversion of pyruvate to acetyl-CoA for entry into the TCA cycle. Unlike in muscle cells in which ERR␣ positively regulates the expressions of both PDK2 and PDK4, we found that XCT-790 reduced the expression level of PDK2 but enhanced the expression of PDK4 in adipocytes
Reductions (Fig. 3B) , indicating that the TCA cycle was hyper-activated and suggesting that the total amount of PDK activity was reduced.
The (Fig. 3C) (Fig. 3D) . (Fig. 3E) . (Fig. 4B) . On the other hand, the amount of glucose uptake induced by insulin was lowered compared to DMSO control (Fig. 4C) . We then checked to see if this increase in basal glucose uptake was primarily due to alterations of glucose transport-1 (Glut-1) and glucose transport-4 (Glut-4) expressions. Glut-4 in cardiomyocytes has recently been shown to be positively regulated by ERR␣ [10, 16] . Consistent with Glut-4 being an ERR␣ target, we found that adipocyte Glut-4 mRNA expression level was reduced by XCT-790 (Fig. 4D) . On the other hand, Glut-1 expression level was induced and likely responsible for mediating the increase in basal glucose uptake (Fig. 4D) .
hyper-activated TCA cycle is then expected to generate more NADH and FADH2 to enter into the electron transport chain and elevate the mitochondrial membrane potential (⌬m). We then used a fluorescent dye JC-1, which gives a red fluorescence when ⌬m is high and green fluorescence when ⌬m is low to determine the overall electron transport chain activity. In adipocytes treated with protonophore m-chlorophenylhydrazone (CCCP), a known compound that reduces ⌬m, the amount of red fluorescence decreased from 9.37% of control to 2.71% in CCCPtreated cells. As expected, the percentage of cells with red fluorescence increased from 9.37% of control to 41.17% in cells treated with 20 M XCT-790
However, a sustained elevation in ⌬m is also known to elevate the production of reactive oxygen species (ROS). By using a flow cytometry method to quantify the amount of fluorescence, we next measured the amount of ROS by a fluorescent probe H2 DCFDA that detects intracellular ROS. Compared to a positive control (Rose Up) that elevates ROS, we found that XCT-790 also dose-dependently increased ROS level in adipocytes
XCT-790 enhances glycolysis and glucose uptake
Effects of XCT-790 on mitochondrial biogenesis and lipogenesis in 3T3-L1 adipocytes. Mitochondrial mass was determined with Mitotracker Green. Relative mass was presented as the fold of DMSO-treated cells (A). Expression of lipogenesis marker genes PPAR␥, aP2, LXR␣, SREBP-1c, FAS was determined by RT-PCR. Relative expression level was normalized with GADPH and presented as the fold of DMSO control (B, C). XCT-790-treated adipocytes were disrupted by sonication. Triglyceride (TG) content was measured by a TG kit and normalized by total protein concentration. TG concentration was presented as the percentage of DMSO-treated control (D). Values are shown as mean Ϯ S.D. of three independent experiments. Intracellular lipid was stained with Oil-Red-O. Oil droplets were examined with a microscope and photographed (E).
Fig. 3 Effects of XCT-790 on mitochondrial functions in 3T3-L1 adipocytes. Expression levels of PDK2 and PDK4 were determined by RT-PCR. Relative expression levels were normalized with GADPH and presented as the fold of DMSO (A
Discussion
ERR␣ has been reported to regulate energy metabolism with PGC-1␣ by inducing fatty acid oxidation and OXPHOS in highenergy expenditure tissues like muscle, heart and brown fat [1] [2] [3] [4] [19] . The effect of XCT-790 on ERR␣ goes beyond just altering its interaction with co-activators but also extends to promoting its degradation by the proteasome [24] . We not only observed that ERR␣ protein level was lowered by treating with (Fig. 1E) , we also found that its mRNA level was reduced in 3T3-L1 adipocytes (Fig. 1D) , which is consistent with the idea that the expression of ERR␣ mRNA is self-regulated by ERR␣ protein [20, 25] (Fig. 2C) 
